Introduction
High-strength steels of tensile strength of 780 and 980 MPa grade have been positively applied for automotive frame parts to attain the improvement of the impact safety and the reduction of car weight. Moreover, in present, ultra high-strength steels have gotten attention because the ultra high-strength steels possessing the tensile strength of more than 1 470 MPa grade using a hot stamping technique 1) have been applied for the automotive structural parts. A lot of studies about hydrogen embrittlement was strongly conducted since the occurrence of the hydrogen embrittlement of automotive ultra high-strength steel sheets with tensile strength of more than 980 MPa grade is serious problem in the same way as conventional structural steels. 2, 3) Transformation induced plasticity (TRIP) 4) -aided bainitic ferrite (TBF) [5] [6] [7] [8] steels with bainitic ferrite matrix are expected to be used for the next generation automotive frame parts due to an excellent formability, an impact property and a fatigue property. Moreover, it has been reported that TBF steels exhibited excellent hydrogen embrittlement resistance in comparison with conventional bainitic and
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The effect of strain rate on the hydrogen embrittlement property of an ultra high-strength TRIP-aided bainitic ferrite (TBF) steel with bainitic ferrite matrix was investigated to clarify the correlation between the transformation behavior of retained austenite and the hydrogen embrittlement fracture behavior of the TBF steel. Tensile tests were carried out at the strain rates between 5.56 × 10 − 6 and 2.78 × 10 − 2 /s without and with hydrogen charging. Hydrogen analysis after tensile tests was conducted by using thermal desorption spectroscopy (TDS). Fracture strain decreased with decreasing the strain rate due to the hydrogen absorption to the TBF steel although fracture strain without hydrogen charging slightly increased with decreasing the strain rate. However, it was observed that transformation behavior of retained austenite was hardly changed by the hydrogen absorption and the change in the strain rate. When tensile test was carried out to the TBF steel at the slow strain rate with hydrogen charging, fracture surface of quasi cleavage fracture containing flat facet, which was fractured transformed martensite, was obtained and the crack perpendicular to the tensile direction was observed near transformed martensite. It was considered that the decrease in the resistance to hydrogen embrittlement of the TBF steel tensile tested at the slow strain rate was attributed to the initiation of flat facet and the hydrogen concentration at the crack tip due to the hydrogen diffusion from transformed martensite during tensile testing at slow strain rate.
KEY WORDS: TRIP; high-strength steel; hydrogen embrittlement; retained austenite; strain rate. martensitic steels because of a high hydrogen absorption capacity 9) and transformation behavior of retained austenite affected the hydrogen embrittlement property of high-strength TRIP-aided steels. 10) In addition, it has been also reported that the hydrogen embrittlement property was affected by a strain rate and ductility increased with decreasing the strain rate. 11, 12) It is assumed that the hydrogen embrittlement resistance of TBF steel is varied by the strain rate because strain induced transformation behavior of retained austenite depends on the strain rate in the TRIP-aided steels. 13) However, the relationship between hydrogen embrittlement property and the strain rate in the TBF steel has been barely reported.
In this study, to clarify the hydrogen embrittlement behavior of the TBF steel, the effect of strain rate on the hydrogen embrittlement resistance and the hydrogen embrittlement fracture morphology was investigated.
Experimental Procedure
Cold rolled steel sheet with thickness of 1.2 mm with chemical composition of 0.39C-1.47Si-1.50Mn-0.014P-0.040Al-0.0008N-0.0006O (mass%) was prepared in this study. The martensite start temperature (M S ) 14) of the steel sheet was 350°C. Heat treatment of austenitization at 900°C for 1 200 s followed by austempering at 400°C for 500 s in salt baths was conducted to the steel sheet to produce the TBF steel, as shown in Fig. 1 .
An analysis of microstructures of TBF steel was carried out by using scanning electron microscope (SEM)-electron backscatter diffraction (EBSD) technique. Inverse pole figure (IPF) map that represents a crystal orientation by using color key, phase map which is to distinguish body centered cubic (bcc) and face centered cubic (fcc) phases, image quality (IQ) distribution map which is a sharpness of diffraction pattern, kernel average misorientation (KAM) map which indicates an amount of misorientation of measuring point from adjacent points, band contrast map which is an intensity of diffraction pattern and texture map which is a distribution of tilt between normal to measured crystal plane and that of particular crystal plane, obtained by EBSD analysis were used in this study. EBSD samples were mounted in an acryl polymer, and then ground by water proof papers of #320, #600, #1200, #1500 and #2000, and polished by means of 3 and 1 μm polycrystalline diamond slurries, 0.5 and 0.05 μm alumina suspensions and 0.04 μm colloidal silica for 30 minutes each. A volume fraction of retained austenite (f γ (vol%)) was quantified by X-ray diffractometry using a CuKα radiation from integrated intensity of (200) (2) where ε 0 and ε 1 denote total elongations without and with hydrogen, respectively. A strain gauge was bonded on the parallel part of the tensile specimen, and an extensometer with gauge length of 50 mm was attached on the tensile specimen.
Hydrogen charging to the tensile specimen was conducted by a cathodic hydrogen charging method using a 3 mass%-NaCl + 3 g/L-NH 4 SCN aqueous solution at a current density of 1 A/m 2 at 25°C for 48 hours. Hydrogen charging time was chosen as a time that hydrogen was homogeneously distributed in steel.
Hydrogen analysis of as-heat-treated TBF steel and tensile tested samples near fracture region were conducted by means of thermal desorption spectrometry (TDS) that detects hydrogen by using a quadrupole mass spectrometer. The sample was set in a chamber, and the sample was heated at temperatures from 40 to 500°C at a heating rate of 100°C/h. Diffusible hydrogen concentration (mass ppm, hereafter ppm) was defined as an amount of hydrogen which desorbed at temperature below 200°C. The sample after tensile test was kept in liquid nitrogen until hydrogen analysis to prevent hydrogen evolution from the specimen. Figure 2 shows inverse pole figure (IPF) map, phase map and image quality (IQ) distribution map of the TBF steel analyzed by SEM-EBSD, and Fig. 3 shows transmission electron micrograph of TBF steel. An area of 50 μm × 50 μm was analyzed with a step size of 0.25 μm in SEM-EBSD analysis in Fig. 2 . The TBF steel consisted of bainitic ferrite lath matrix with high dislocation density and interlath retained austenite. The initial volume fraction of retained austenite was 12.5 vol%, and its carbon concentration was 1.18 mass%, respectively.
Results

Microstructure and Tensile Properties
Tensile properties of TBF steel tested at several strain rates are shown in Table 1 . Tensile strength (TS) of the TBF steel exhibited between 1 187 and 1 219 MPa, and 0.2% proof stress (YS) was between 792 and 862 MPa, respectively. The TS increased with decreasing the strain rate although the YS hardly changed with the strain rate in the TBF steel. Total elongation (TEl) and uniform elongation (UEl) were 19.0-23.7% and 12.1-19.6%, respectively. The TEl and the UEl decreased with increasing the strain rate. Particularly, when strain rates changed from 2.78 × 10 − 4 to 2.78 × 10 − 3 /s, TEl and UEl dramatically deteriorated in the TBF steel. Generally, the strength increased and the ductility decreased due to the increase in the strain rate in conventional steels, whereas the TS of the TBF steel decreased with increasing the strain rate. It was considered that the TBF steel did not have sufficient TRIP effect because the transformation of retained austenite was suppressed by an excessively stabilized retained austenite 17) due to the heat generation 18) of specimen during tensile deformation. Figure 4 shows stress-strain curves of TBF steel tested at strain rates of 5.56 × 10 /s without and with hydrogen. Variations in tensile strength (TS), 0.2% proof stress (YS), total elongation (TEl) and uniform elongation (UEl) as a function of strain rate (  ε) in TBF steel without and with hydrogen are shown in Fig. 5 . The total and the uniform elongations of hydrogen charged TBF steel decreased with decreasing the strain rate although the TS slightly decreased with decreasing the strain rate and the YS was hardly changed with the hydrogen absorption and with the strain rate. Particularly, the TEl of the TBF steel dramatically decreased at the strain rates of 2.78 × 10 − 5 and 5.56 × 10 − 6 /s due to the hydrogen charging. Figure 6 shows fracture surfaces of the TBF steel without and with hydrogen charging. When tensile tests were conducted without hydrogen, dimple fracture occurred at the strain rates of 2.78 × 10 /s or less, flat facet was observed in the quasi cleavage fracture surface. To clarify what is the frat facet, the fracture surface was vapor deposited with platinum, and TEM observation and EBSD analysis were carried out by using a thin film of dimensions of approximately 10 μm × 10 μm × 50 − 150 nm picked up from the fracture surface comprising the flat facet. The observation results are shown in Fig. 7 . In Figs. 7(b) and 7(c) analyzed by EBSD, an area of 4.7 μm × 3.2 μm was analyzed with a step size of 0.05 μm. The texture map indicates the distribution of tilt between normal to measured crystal plane and that of {112} crystal plane. It was confirmed that microstructure of the flat facet exhibited martensite with high dislocation density ( Fig.  7(a) ). Moreover, the normal to the crystal plane near fracture surface containing flat facet was exhibited almost the same as that of {112} crystal plane. Thus, it was suggested that the flat facet on the quasi cleavage fracture surface initiated due to the crack initiation and propagation on {112} crystal plane of martensite (Figs. 7(a) and 7(c) ). Nagase et al. 19) has reported that martensite transformed from hydrogen absorbed retained austenite was fractured at the {112} slip plane which subtends the fracture surface in the SUJ2 which was applied for bearing with tensile strength of 2 000 MPa grade. Therefore, it was considered that the flat facet in the fracture surface in this study initiated due to the brittle fracture of transformed martensite in the same way as that of the previous study. /s with hydrogen charging, cracks were propagated perpendicular to the tensile direction although a lot of voids were formed at the prior austenite and bainitic ferrite lath boundaries without hydrogen. In addition, inverse pole figure (IPF), band contrast and kernel average misorientation (KAM) maps analyzed by EBSD of the TBF steel tested at strain rates of 2.78 × 10 /s without hydrogen were extended to the tensile direction whereas crack grew perpendicular to the tensile direction at 2.78 × 10 − 2 and 5.56 × 10
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/s with hydrogen charging. In band contrast map, low band contrast value was appeared near crack tip in the TBF steel tensile tested at both 2.78 × 10 − 2 and 5.56 × 10
/s with hydrogen. When retained austenite transforms to martensite, a large amount of lattice defects is applied to the transformed martensite because of change in a lattice constant and supersaturation of carbon in martensite. Therefore, if transformed martentie is detected by EBSD, band contrast value of transformed martensite exhibited low value. Therefore, it was noted that transformed martensite existed near crack initiation site and crack tip when tensile tests were carried out at both strain rates with hydrogen in the TBF steel. Moreover, it was identified that KAM value of the TBF steel charged with hydrogen was lower than that of the TBF steel without hydrogen charging at both strain rates. KAM map indicates an amount of misorientation of measuring point from adjacent points. KAM is often used for a distribution of plastic strain in the materials. If the severe plastic strain was applied at the part of microstructures, KAM value of that part increases. Thus, it was confirmed that the plastic strain did not increase in the hydrogen charged TBF steel due to the small total elongation. /s with hydrogen was small as shown in Fig. 5. Figure 11 shows change in volume fraction (f γ ) of retained austenite strained at 0-20% without and with hydrogen in the TBF steel. The f γ decreased with increasing plastic strain of 0-15% even though the value of f γ became almost constant of around 4 vol% at the plastic strain of more than 15%. It was noted that both the strain rate and the hydrogen absorption hardly affected the transformation behavior of retained austenite in the TBF steel used in the present study. Figure 12 shows hydrogen evolution curves of the as-heat-treated and that of fractured specimens. A part of the specimens in the vicinity of the fracture region was used for the TDS. Hydrogen evolved from the as-heat-treated TBF steel was observed at temperatures between about 40 and 100°C. On the other hand, hydrogen evolution peaks of the TBF steel after tensile test appeared at the temperatures of about 50-120°C. Hydrogen concentration of the TBF steel calculated from Fig. 12 is shown in Table 2 . Diffusible /s decreased. It was considered that the decrease in the hydrogen evolution peak tensile tested at 2.78 × 10 − 3 and 2.78 × 10 − 4
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/s was due to the decrease in retained austenite, the multiplication of dislocations because of plastic deformation and the transportation of hydrogen to the atmosphere through the surface by the dislocations. However, the change in the shape of hydrogen evolution curves of the TBF steel after tensile tests at several strain rates and the change in the hydrogen trapping sites due to the tensile tests with different strain rates have not been clarified yet. These mechanisms will be discussed in the future.
Discussion
Hydrogen embrittlement susceptibility (HES) of hydrogen charged TBF steel increased with decreasing strain rate. Moreover, the TBF steel tensile tested at strain rates of both 5.56 × 10 − 6 and 2.78 × 10
/s exhibited high HES of more than 90% (Fig. 10) . Hashimoto et al. 20) conducted tensile tests with varied strain rates using a pure iron, and they reported that ductility of the pure iron decreased with decreasing the strain rate, and that this was caused by hydrogen transportation due to the dislocation motion. However, when tensile test was carried out at slow strain rate in the TBF steel, transportation of hydrogen by the dislocations might be hardly occurred because the total elongation of the TBF steel tested at slow strain rate with hydrogen significantly decreased. On the other hand, it was confirmed that time to fracture increased and ductility decreased with decreasing strain rate in the TBF steel, as shown in Fig.  13 . Hence, it was suggested that hydrogen embrittlement of the TBF steel exhibited dependence on the testing time. Momotani et al. 21) has been reported that the total elongation of hydrogen charged low carbon martensitic steels significantly decreased with decreasing the strain rate, intergranular fracture occurred in the steels and those might be caused by the accumulation of the hydrogen at prior austenite grain boundaries during the tensile tests at slow strain rate. In contrast, it was considered that the hydrogen did not diffuse to the prior austenite grain boundaries in the TBF steel because quasi cleavage fracture with flat facet occurred. As shown in Fig. 9 , the transformed martensite existed near the crack tip in the hydrogen charged TBF steel. When retained austenite charged with hydrogen transformed to martensite during the tensile test, hydrogen might be desorbed from the martensite, because solubility of hydrogen in body centered cubic (bcc) phase is lower than that of face centered cubic (fcc) phase. 22) Moreover, diffusion coefficient of hydrogen in the TBF steel measured by using hydrogen permeation testing method was estimated as 9.77 × 10 − 12 m 2 /s and there might be enough time to diffuse hydrogen from the transformed martensite to the crack tip. Therefore, the strain rate dependency of hydrogen embrittlement properties of the TBF steel was attributed to the time for hydrogen diffusion to the crack tip during tensile testing at the slow strain rate. It has been reported that the cracks occurred at matrix/ transformed martensite interfaces in the hydrogen charged steels containing retained austenite. 23, 24) In this study, it was confirmed that the quasi cleavage fracture with flat facet which appeared at the transformed martensite, occurred (Fig. 6) , and transformed martensite observed near crack tip (Fig. 9) in the hydrogen charged TBF steel tested at slow strain rate. The mechanism of hydrogen embrittlement of the TBF steel is explained as follows. Figure 14 shows illustrations of microstructure of the TBF steel. It is known that hydrogen absorbed in the conventional steels is trapped at dislocations, 25) at grain boundaries, 26) at matrix/carbide interfaces 27) and in retained austenite and/or matrix/retained austenite interfaces. 28) In the present TBF steel, microstructure was consisted of bainitic ferrite matrix with high dislocation density in comparison with that of TRIP-aided dual phase steel (TDP steel) 29) and TRIP-aided annealed martensite steel (TAM steel) 30) and interlath retained austenite ( Fig. 14(a) ). Therefore, it was expected that hydrogen absorbed in the TBF steel was mainly trapped at the dislocations in the bainitic ferrite matrix, in the retained austenite films and at the bainitic ferrite matrix/retained austenite interfaces (Fig. 14(b) ). When deformation was applied to the hydrogen charged TBF steel during tensile testing, retained austenite transformed to martensite. Then, it was considered that the initiation of flat facet occurred at the transformed martensite because supersaturated hydrogen existed in the martensite due to the difference of hydrogen absorption capacity between retained austenite and martensite (Figs. 7  and 14(c) ). Moreover, when tensile test was carried out at the slow strain rate, it was supposed that hydrogen trapped in the matrix and desorbed from transformed martensite promoted crack propagation due to the diffusion of the hydrogen to the crack tip which was associated with the flat facet, and the hydrogen embrittlement was accelerated in the TBF steel (Fig. 14(d) ). Therefore, it was considered that the TBF steel tensile tested at slow strain rate with hydrogen clearly increased the hydrogen embrittlement susceptibility. On the other hand, when tensile test was conducted at high strain rate in the TBF steel with hydrogen charging, crack propagation was not accelerated because of the suppression of high hydrogen concentration at the crack tip although the flat facet coincided with transformation of hydrogen absorbed retained austenite. Hence, it was suggested that the TBF steel tested at the high strain rate with hydrogen exhibited low hydrogen embrittlement susceptibility.
Conclusions
In this study, the effect of strain rate on the hydrogen embrittlement resistance of the ultra high-strength TRIP-aided bainitic ferrite (TBF) steel sheet was investigated to clarify the hydrogen embrittlement fracture morphologies. The results are summarized as follows.
(1) The total elongation of the TBF steel without hydrogen charging increased with decreasing strain rate whereas the total elongation decreased with decreasing the strain rate in the hydrogen charged TBF steel.
(2) The hydrogen embrittlement susceptibility decreased with increasing strain rate.
(3) The martensite transformation behavior of retained austenite was hardly changed with both the hydrogen absorption and with the change in the strain rate.
(4) When tensile test was carried out at the slow strain rate in the TBF steel with hydrogen, quasi cleavage fracture with flat facet occurred. This might be caused by the hydrogen induced crack initiation of transformed martensite. In addition, it was observed that crack propagation perpendicular to the tensile direction was accelerated. This was caused by the hydrogen concentration at the crack tip due to the diffusion and the trapping of hydrogen from the matrix and additionally from the transformed martensite during tensile testing at the slow strain rate. Hence the hydrogen embrittlement susceptibility of the TBF steel tested at the slow strain rate increased.
